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Abstract/SynopsisStructure, Properties and Applications of Conducting Polymers Containing Organo Fe(II)/Fe(III) ComplexesAbstract:The search for new materials especially those possessing special properties continues at a great pace because of ever growing number of application in modern life. There is tremendous need for sensing devices, which can detect very low ppm levels of toxic gases/explosive chemicals in order to prevent hazards due to pollution, fire, long term damage to health etc. Several materials including ceramics, polymer composites etc. were tried and tested in the past. However, their application is limited due to slow recovery, difficulty in fabrication, less specificity, cost of material etc. In recent past, conducting polymers were considered as suitable candidates especially for alcohols, toxic chemicals, flammable vapours etc. For certain gases, however, their sensitivity and selectivity still remains the problem to be solved. One possible approach may be to modify these polymers in order to enhance their properties. In the presence work, we have therefore addressed this problem by modifying conducting polypyrrole with different organo iron complexes. Our final aim is to achieve specific selectivity for environmentally hazardous gases such as carbon monoxide.Three different iron containing molecules especially, ferrocene, iron phthalocyanine and iron porphyrin of various molecular dimensions were used as incorporating species during chemical as well as electrochemical polymerization of pyrrole. These molecular entities can act as dopant or as counter ions, which neutralize the charge on the polymer chain. The doping imparts conductivity and specific sensitivity to particular gas. The materials were synthesized and well characterized by different techniques. The sensor characteristics for each materials were presented in respective chapters and the sensing mechanism has been formulated considering the molecular size of different dopant species, energy level created by the dopant in the band gap of semiconducting PPy and morphology of the materials of various doped PPy materials. The results point out potential applications of these materials for industrial, environmental and house hold uses as a chemical sensor against hazardous gas like carbon monoxide.
The present work is divided into seven chapters–the first two chapters being (I) Introduction, giving basic historical back ground of conducting polymers and chemical sensors and chapter II Experimental, which gives details of experimental methods used. Chapter III comprises of the synthesis, characterization and results and discussions for ferrocene-PPy system for CO sensor, where as, chapter IV deals with the synthesis of a ferrocenyl derivative and copolymerisation of the same with pyrrole and its CO gas sensor applications. Chapter V comprised the incorporation of iron(III) porphyrin into PPy and its application as a gas sensor. Chapter VI deals with the functionalisation of PPy with iron(III) phthalocyanine tetrasulphonic acid system for CO sensor. Finally, the summary and conclusions drawn from the above chapters are presented in chapter VII. Each chapter is described briefly as follows:Chapter I.   IntroductionThis chapter deals with an overview of the historical background of conducting polymers along with their classification, doping and charge transfer phenomena in conducting polymers with the help of previous reports. A brief review mentioning the development in the field of conducting polymers is also presented and methods of synthesis i.e., chemical and electrochemical and their applications as CO sensor are discussed. The process, types and applications of doping are also presented. The importance of polypyrrole amongst different conducting polymers is highlighted and their selection for the present work is justified. A short description to the types of sensors and their classification is presented here. A brief historical review of conjugated conducting polymer sensors, importance of CO gas sensor in domestic, environmental and industrial applications are also given here. The limitations and drawbacks of the materials/sensor fabrication reported in literature are brought out and the aim and scope of the present work are given at the end of this chapter.Chapter II. ExperimentalThe experimental techniques employed for the preparation and characterization of polypyrrole incorporated with ferrocene (Fc), Fe(III)porphyrin (FeTPPCl), Fe(III)phthalocyanine (FePcTSA), ferrocenyl derivatised comonomer and the copolymer with pyrrole are described in this chapter. The electrochemical set up used for synthesis of polypyrrole on gold-coated interdigited electrode is described in detail. It also describes the substrate preparation and fabrication of various sensor samples for measurements of sensing properties. The polypyrrole modified with different dopants were characterized by UV-Vis., FTIR, 1HNMR spectroscopy, TGA, GFAAS, EDAX, XRD etc. which are discussed in brief. Finally, techniques and set up adopted for conductivity measurements, CO sensitivity etc. are discussed.Chapter III.  Ferrocene-Polypyrrole systemThis chapter mainly deals with synthesis, characterization and application of ferrocene-polypyrrole system. The quantitative estimation of Fc in PPy and the rate of the reaction in the presence of Fc is calculated from real-time monitoring of polymerization by UV-Vis. spectroscopy. The characteristic Fc vibrational frequencies at 1108 cm-1, 999 cm-1 and 811 cm-1 regions were detected by FTIR spectroscopy. The actual % weight loss at the degradation temperature of Fc is tallying with the expected % weight loss by TGA analysis. The inter-chain distance of two polypyrrole chains calculated from XRD is found to be higher when Fc is acting as a dopant and the long range order of ferrocene crystals shatters with the incorporation into PPy. The presence of iron was also detected with GFAAS and EDAX techniques. The room temperature conductivity measurements show decrease in conductivity with increase of ferrocene content. The PPy-Fc polymers are found to be highly sensitive towards carbon monoxide gas. Moreover, these polymers show very quick recovery as compared to pure PPy or other conducting polymers reported in the literature. The response factor is dependent on the composition and the highest response obtained is 26 for 1.32 Fc content in the PPy sample. The response time is also fast at this particular composition (t50 = 96 s). These various results indicate that carbon monoxide mainly interacts with the iron complex present in modified PPy to generate electrons, which recombine with the holes in the p-type PPy leading to decrease in conductivity.Chapter IV. 	Ferrocenyl pyrrole derivative and co-polymer synthesis for CO gas sensor applicationsA new class of organometallic macromolecule containing skeletal ferrocenyl moieties attached with p-phenylene vinylene on the cyclopentadienyl ring was N-arylated with heterocyclic molecules pyrrole (compound IV) via efficient CuI catalyzed reaction was carried out and subsequent copolymerisation with pyrrole by interfacial copolymerisation in DCM/ H2O solvent system in the presence of FeCl3 is elaborated in this chapter. The products obtained in each step were well characterized through 1H NMR, FTIR, UV-Vis. spectroscopy, elemental analysis, single crystal XRD, DSC, TGA and m.p. determination etc. The synthesis, characterization and CO gas response of ferrocenyl methyl trimethylammonium iodide (I) incorporated into PPy by electrochemical method is described. A sudden surge in the resistance was noted when films were exposed to CO gas (sensitivity factor = 12 for 4 mol% FcI with respect to pyrrole monomer). The response time is very short (0.43 s for 4 mol% FcI content). The co-polymer was thoroughly characterized via FTIR, UV-Vis. spectroscopy, TGA, DSC etc. methods. The decreasing trend of Tg with increase in compound IV content is a clear evidence for the copolymer formation. The gas sensitivity measurements show excellent response for these materials towards 300 ppm CO gas at room temperature. The sensitivity is higher for the co-polymer containing the higher concentration of IV. The response time, t50 obtained is short (47 s for 8.33 mol% of IV); sensitivity factor (6.24 for 1:12 co-polymer) and change of resistance (dR/dt = 957423 Ω/min) for the initial 3 minutes.Chapter V. Porphyrin-PPy systemThe detailed results on polypyrrole incorporated porphyrin derivative (FeTPPCl) were presented in this chapter. The chemical reaction was monitored with real-time UV-Vis. spectroscopy in order to confirm the incorporation of porphyrin into the polymer. The characteristic vibrational frequencies for FeTPPCl in PPy-FeTPPCl material is presented in the FTIR spectrum. The crystal structure of porphyrin was modified with new lattice parameters in tetragonal structure. The percentage weight losses calculated before and after degradation of porphyrin (ie. 350 and 6000C) gives the stability obtained by the incorporation of porphyrin into the polymer. GFAAS and EDAX studies provide supporting evidences for the proportional increase of iron content in the PPy-FeTPPCl samples with increase of porphyrin. The electrical conductivity of the PPy-FeTPPCl samples decreases with increase in porphyrin content (10-2 to 10-5). The 300 ppm CO gas response characteristics of PPy-FeTPPCl samples were carried out and the response factor obtained for 10 wt.% of PPy-FeTPPCl sample is high (12), the fastest reponse, t50 obtained is 169 s. The second section of this chapter describes the electrochemical deposition of polypyrrole and PPy-porphyrin films. The CV of porphyrin in DCM gives oxidation-reduction peaks at 0.812 V, 0.714 V corresponds to the iron species. Another reduction peak at -0.7 V is due to the porphyrin structure. The potentiodynamic and post cyclic voltammetric methods used to characterize the PPy-FeTPPCl film. It is well documented in this chapter. The porphyrin modified PPy films showed immediate response to 300 ppm CO gas even at very low concentrations of FeTPPCl. The % sensitivity is high for 10 mmol% porphyrin content in PPy (4.16). The sensitivity factor increases as the concentration of porphyrin increases in the sample. Response time, t50 is very low (0.496 s) for 10 mmol% PPy-FeTPPCl material. Chapter VI. Iron phthalocyanine tetrasulphonic acid-Polypyrrole systemPPy was functionalised with iron phthalocyanine by chemical as well as electrochemical method. The complete incorporation of added FePcTSA into PPy is confirmed by UV-Vis. spectroscopy. FTIR spectra confirmed the functionality of FePcTSA in the sample. It is seen from the thermogravimetric data that the presence of phthalocyanine inside the polymer has thermal stabilization effect. The amorphous nature of PPy-FePcTSA materials (unlike crystalline nature of pure FePcTSA) from XRD could be due to much larger molecular size together with the fact that solfonic groups give rise to dopant type interaction with the PPy chains which leads to better dispersion/distribution of molecules in the matrix preventing their crystallization. The results obtained from GFAAS and EDAX analysis clearly suggest the proportional increase of Fe and S with increasing content of FePcTSA in the doped samples. XPS data suggested higher level of charge transfer interaction between the FePcTSA and PPy than other dopants. Thermal conductivity measurements show phase separation of phthalocyanine with higher content of FePcTSA. Polypyrrole doped with FePcTSA are seen to be one of the best material for CO sensing since it takes 0.51 s to respond to CO gas (300ppm). The CO response with respect to different concentration of CO gas is also presented here. As in the previous case (PPy-Fc, PPy-FeTPPCl), the response of this system also found to depend on composition of the sample. There is an optimum concentration of FePcTSA is confirmed for the highest sensitivity of CO gas (response factor = 52 for 0.732 mol% of FePcTSA content). The response time is also very short for the same composition (t50 = 0.51 s). The change of resistance occurred is approximately 700 Ω/s (i.e. around 3 orders of magnitude). The CV, potentiodynamic deposition and postcyclic voltammogram etc. suggest the effective modification taken place with the incorporation of FePcTSA into PPy. The incorporation of phthalocyanine into polypyrrole deposited on interdigited electrodes enhances its electrochemical as well as sensing activity. The CO response characteristics of the electrochemically deposited films were given in detail under section 6.4.A.Chapter VII. Summary and conclusionThe final chapter represents a summary of the work presented in chapters III, IV, V and VI in the thesis. The CO sensing behavior of polypyrrole was seen to depend on various factors: composition of polymer, nature of the dopant, method of synthesis, incorporation of the dopant/functional group in main chain or interchain region etc. The sensor response characteristic studies indicate that PPy-Fc, PPy-FeTPPCl and PPy-FePcTSA and ferrocene derivative-Py co-polymer can be used for CO sensors but their composition has to be optimized for better performance. The electrochemically modified polypyrrole films on intedigited electrodes is also another alternative for CO sensing, which gives good response characteristics towards 300 ppm CO gas. The response is very fast and immediate in most of the cases makes these materials very much suitable for the chemical sensor applications against toxic gases like CO. The optimum concentration depends on the actual iron complex used, it is 1.3 mol% for ferrocene but for porphyrin it is 0.946 mol% and for phthalocyanine it is 0.732 mol% at which highest sensitivity is obtained. In the case of chemically synthesized FePcTSA doped PPy, the molecular dimension of dopant keeps the polymer chains more apart than other dopant used in this study and gives very rapid increasing of resistance within seconds observed. This whole work bring out the novel features of Fe(II)/Fe(III) complexes when incorporated into semiconducting polypyrrole for potential application in CO gas sensor.The p-type conductivity of PPy would normally interact with CO through charged or neutral nitrogen species, which will lead to increase of conductivity. However the sensing characteristics for PPy were found to be quite poor. On the other hand, when Fe(II)/ Fe(III) complexes were incorporated in PPy, the response factor became very high together with very rapid response observed in these materials. The conductivity decreased in the PPy modified with Fe(II) and Fe(III) complexes, which indicates the CO interaction with Fe moieties and subsequent depletion of free charge carriers was taking place. Other factors such as increase in speed, optimum concentration for highest sensitivity etc. could be explained on the basis of morphology, interchain separation etc. Optimization for superior performance of the material against hazardous gases like CO for industrial and polluted places requires more attention and these may be finally fabricated in MEMs devices as a chemical sensor on large scales. 

Polypyrrole (PPy) was modified with ferrocene (Fc) by direct incorporation during polymerization so as to increase its sensitivity for carbon monoxide (CO) gas sensor applications. Synthesis was carried out by chemical oxidative polymerization in the presence of ferrocene using ferric chloride. The presence of these species in PPy was confirmed by different characterization techniques. The CO response measurements were carried out for the sensors fabricated in a surface cell mode with active PPy + Fc films by exposing to CO gas (300 ppm) at room temperature and it was found that the response as well as the recovery characteristics of these materials is very fast and dependent on the film composition. The response factor was found to be maximum for a 1.32 mol% Fc content in the polymer. These various results can be explained on the basis of interaction of CO molecules with Fe atoms of the ferrocene together with charge transfer interaction with the PPy chain

The present studies deal with the doping of polypyrrole (PPy) with Iron(III)phthalocyanine-4,4’,4’’,4’’’-tetra sulfonic acid monosodium salt, compound with oxygen hydrate (FePcTSA) for improving the response speed for gas sensing capability and selectivity for carbon monoxide (CO). The chemical synthesis of PPy doped with FePcTSA was carried out in aqueous medium with anhydrous FeCl3 as an oxidant using various compositions. The incorporation of FePcTSA was confirmed by different characterization techniques such as real-time in-situ UV-Vis spectroscopy, FTIR, EDAX etc. The sensors fabricated in surface cell configuration using these polymers gave almost instantaneous rise of resistance when exposed to 300 ppm CO gas. The response time thus obtained is extremely short: less than 1 second.  Repeated measurements show the reproducibility and recovery of the material by purging the calibration bottle with air after each cycle of measurements. The highest sensitivity factor (ΔR/R0 X 100) and response characteristics for a particular composition of FePcTSA-PPy (10 wt.% FePcTSA doped sample) is more than 50% and dR/dt > 700 Ω/s were obtained.

Polypyrrole (PPy) was modified electrochemically with ferrocene methyl trimethylamino iodide (FcI) specifically for carbon monoxide (CO) sensor. The presence of these species in PPy was confirmed with cyclic voltammerty and UV-Vis. Spectroscopy techniques. The modified PPy films were deposited on gold coated PET interdigited electrodes by controlled potential technique (0.9V). It was observed that tremendous change in sensitivity (sudden increase of resistance, saturates immediately and going back to the original resistance value when exposed to air) with a very low concentration of FcI (4 mmol) modified PPy, as virgin PPy film deposited under the same conditions show no response to 300ppm CO gas. The highest % sensitivity (dR/R0X100) obtained for 4 mmol FcI content is 12

The main object of the present invention is to provide a process for preparation of electronically conducting polymers having high sensitivity for carbon monoxide. Accordingly, the present invention provides a process for the preparation of electronically conducting polymers having high sensitivity for carbon monoxide which comprises, polymerizing a monomer in a mixed solvent medium containing an initiator and dopant together with an organo-metallic complex to obtain conducting polymer, precipitating the polymer, separating the same by conventional methods, drying and crushing the polymer powder, adding the conducting polymer powder to solution of another polymer in a solvent containing metal salt, mixing the solution thoroughly, casting films from the solution between two inert metal electrodes on insulating substrate, drying the same to give electronically conducting polymer having high sensitivity to carbon monoxide gas.

